Introduction {#sec1-1}
============

Roy-Camille *et al*. (1970) first reported the use of pedicle screws for the treatment of spinal fractures.[@ref1] Excellent three-dimensional (3D) fixation was possible with these screws,[@ref2][@ref3] Rapid development of the pedicle screw fixation technique has led to its widespread use in the treatment of spinal trauma, degeneration and tumors. In comparison to adults, lumbar spine injuries in children are relatively rare, and are being mainly treated with nonsurgical alternatives.[@ref3] Moreover, the lumbar spine in children is in the growth stage and differs from that in adults in terms of anatomy and biomechanics with respect to the following: (1) There is more collagen tissue in the vertebral body as well as incomplete ossification, which could result in compression fractures of the vertebral body after force, fewer burst fractures, and heavy damage to the endplate; (2) from a structural or morphological perspective, the facet joints are not mature, the angle of the spinal facet joint is small and in a horizontal position, and the vertebral body is wedge shaped, which indicates significantly greater spinal activity than that in adults and the higher likelihood of lateral displacement after force; (3) the interspinous ligaments and the joint capsule are also more loose and the anterior and posterior longitudinal ligaments are flexible, which allows excessive flexion and extension of the spine. Furthermore, in children, development of the spinal cord occurs earlier than the vertebral body. On the other hand, the spinal canal is relatively narrow, the pedicle is small and there is a large variation in anatomical structure, rendering vicinal relations complex in children. For instance, displacement of a fracture is likely to cause a serious direct compression on the spine and the concomitant nerve damage is more serious than that in adults. In addition, a unique mechanism, namely longitudinal traction force, can also aggravate spinal cord injuries in children.

Murakami *et al*.[@ref4] (2008) confirmed the presence of abundant elastic cartilage in the vertebrae of children that contributes to increased spinal elasticity and flexibility. Once injured, however, the spine may exhibit 2 inches of drawing (lengthening) while drawing of the spinal cord is only 0.25 inches. When a longitudinal external force is applied on the spine causing excessive deformation, the spinal cord is pulled or compressed instantaneously; however, the spinal cord and membranes cannot adapt to such high tensile stress induced by the traction injury or laceration. In children, trauma can further aggravate the existing instability of the lumbar spine, which is then also prone to delayed neurological damage. These situations are likely to aggravate spinal cord injuries in children and the clinical manifestations of neurological damage in children are more serious than that in adults.

Although pedicle screw fixation has been reported previously in children under the age of 10 years, especially in young children, the treatment of spinal disorders is not common. Like in adults, pedicle screw fixation is associated with complications in children. Because the morphology of the spine pedicle in children can differ at different ages and in different segments from that in adults, research on the morphological development of spine pedicles in children as well as screw placement using digital 3D reconstruction technology is necessary.[@ref5][@ref6] Furthermore, without good technical assurance, the risk of complications in children is higher than that in adults. In the present study, we described a method for lumbar pedicle screw placement in children using computer-aided design and rapid prototyping technology to provide precise positioning.

Materials and Methods {#sec1-2}
=====================

Preparation of specimens {#sec2-1}
------------------------

Formalin was selected for perfusion of 2 male and 2 female cadavers aged between 6 and 13 years, the range of specimens was the complete spine. Axial computed tomography (CT) was performed to exclude cases of spinal fractures, tuberculosis, cancer and serious malformations or other diseases. All the experiments in the study were approved by Ethics Committee of our University.

Design and production of the personalized navigation template {#sec2-2}
-------------------------------------------------------------

The selected four cadavers were scanned using 64-slice spiral CT and the scanning sites were L1--L5. Scanning conditions were as follows: Thickness, 1.25 mm; pitch, 1.25 mm; reconstruction thickness, 0.625 mm; reconstruction pitch, 0.625 mm; Fov, 30 cm × 30 cm; matrix, 512 dpi × 512 dpi; tube voltage, 150 KV; current, 260 mA. CT data were saved in DICOM format and imported to the 3D reconstruction software (Mimics 15.0, Materialise NV, Belgium). A 3D model of the lumbar spine was then created to establish parameters for lumbar pedicle screw placement. For the conventional group, the diameter and length of the screws were defined based on the measurements obtained by CT before surgery; the diameter was 70--80% of the diameter of the pedicle and the length was 80% of the total length of the pedicle channel. For the navigation template group, the diameter and length of the screws for the surgery were selected according to those obtained using Mimics 15.0 software.

Personalized template navigation technology {#sec2-3}
-------------------------------------------

The CT data of the two cadavers included in the navigation template group were imported to the Mimics 15.0 software in DICOM format for 3D reconstruction of the lumbar spine and then exported in STL format. The reconstructed 3D model was then opened in Geomagic Studio 9 software (Materialise-Technologielaan 15-3001 Leuven-Belgium) to establish a reverse template consistent with the anatomical shape of the lumbar spine in the rear of each lamina and the dorsal root of the spinous process, design simulated screws based on the reconstruction model and determine the direction, length, and diameter of the screws. We mixed the best channel into the nail of the template to form personalized navigation templates for each vertebrae, which had a bilateral positioning guide hole. The vertebral template was then bonded to the rear of the corresponding vertebrae on the 3D reconstruction model of the lumbar spine, and the model was rotated in all directions to observe the corresponding accuracy of the positioning guide hole and pedicle \[[Figure 1](#F1){ref-type="fig"}\]. Using the SPS350B solid-state laser rapid prototyping machine, the accuracy of the model was 0.1 mm, and using optical assimilation (SLA) technology, an individual physical template (5 mm × 2 mm) was produced. The template was attached to the rear of corresponding lamina and spinous process \[[Figure 2](#F2){ref-type="fig"}\], and its stability was maintained in the vertebra. Drilled into the anchor point with mouth gag of lumbar through the positioning guide hole, and the distance was consistent with the length of screw. A spherical probe was used to detect the walls, and the screw was placed slowly after smooth and continuous bone was identified \[[Figure 3](#F3){ref-type="fig"}\].

![The front and side view of L1--L5 template with computer reconstruction (a: From behind the navigation template; b: Navigation template side view)](IJOrtho-51-468-g001){#F1}

![Individual navigation templates bonded tightly to the anatomical structure of corresponding rear of vertebrae](IJOrtho-51-468-g002){#F2}

![Individual navigation templates assisted screw placement of lumbar pedicle](IJOrtho-51-468-g003){#F3}

Surgical evaluation methods {#sec2-4}
---------------------------

After surgery, the lumbar spine of the four cadavers was scanned by multislice CT (thickness, 0.625 mm), and the continuous CT data were saved in DICOM format and imported to the Mimics 15.0 software for 3D reconstruction. The position of the screws on the pedicle and vertebra was observed by an orthopedic surgeon in the coronal, horizontal, and sagittal views, respectively. Perforated of the cortex of the pedicle was assessed. The incidence rate of perforation was calculated accordingly, and the feasibility and accuracy of the two methods were evaluated \[Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}\].

![CT scan coronal (a) and axial cuts (b) showing fixation of L1 screw after the surgery](IJOrtho-51-468-g004){#F4}

![Coronal (a) and axial (b) CT scans showing fixation of L3 screw after the surgery](IJOrtho-51-468-g005){#F5}

Results {#sec1-3}
=======

Conventional method of pedicle screw placement {#sec2-5}
----------------------------------------------

A total of 20 pedicle screws were placed in the conventional group (1 male, 1 female). After imaging acquisition, 2 pedicle screws (50%) were found to have pierced L1, 1 (25%) was found to have pierced L2, and the remaining 17 (85%) were found to be completely placed in the pedicle. With respect to the neck and thoracic pedicles, the lumbar pedicle was large and as such the success rate of screw placement was relatively high \[[Table 1](#T1){ref-type="table"}\].

###### 

The accuracy rate of screw placement by freehand in children lumbar
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Navigation templates method for screw placement {#sec2-6}
-----------------------------------------------

Under the guidance of the navigation templates, a total of 20 pedicle screws were placed in two cadavers (1 male and 1 female). Following image acquisition, all the 20 pedicle screws were found to be completely placed in the pedicle with 100% accuracy \[[Table 2](#T2){ref-type="table"}\].

###### 

The accuracy rate of screw placement using children individual template navigation
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Discussion {#sec1-4}
==========

Previous reports indicate that children with spinal injuries account for approximately 1--10% of all patients with spinal injuries, of which 60--80% injury in the cervical and lumbar spine.[@ref7] In children, the spine is in growth phase, and in comparison to that in adults, it exhibits distinct characteristics with regard to anatomy, physiology, and biomechanics. In recent years, the pedicle screw fixation technique has developed rapidly exhibiting reasonable biomechanics, high stability, and three characteristic fixation sites. In previous studies,[@ref8] this technology has been used in 28 children (age range 1--6 years old) with congenital scoliosis, with satisfactory results.[@ref9][@ref10] Successful pedicle screw fixation in the thoracic and lumbar spine[@ref11] has also been reported in 10 children aged 1--3 years and 19 children aged \<10 years (mean, 6.5 years). Detailed preoperative planning, appropriate diameter selection of the pedicle screws, and flawless surgical technique will make this technique safe and feasible in children.

While clinical 3D reconstruction of the pedicle screw has been reported previously, a majority of these studies are mainly focused on adults. In comparison to adults, however, the morphology of the spinal pedicle is different in children, and can vary based on age and within different segments.[@ref12] The use of 3D reconstruction models for pedicle screw placement in children is therefore warranted. Moreover, performing the technique in children based on data in adults is risky, and therefore improving the accuracy and decreasing the error rate of screw placements in children is important.

Emergence of digital medicine has allowed development of digital navigation templates[@ref13][@ref14] that are currently used for spinal fixation in adults and have shown improved accuracy. Previous studies comparing the conventional method and digital navigation template method for screw placement[@ref15] have confirmed that the rate of successful screw placement and the decrease in surgical time in the digital navigation template group were higher than those in the conventional group. In this study, 20 screws placed in the cadaveric specimens of two children using the navigation template achieved a 100% success rate that was significantly higher than the 85% success rate in the conventional group. The procedures in the two groups were performed by the same doctor. Since this technique is less dependent on the clinical experience of surgeon, the use of navigation templates designed to place screws accurately along the positioning guide hole is easy to master by beginners. The findings of this study demonstrate that this method is simple and requires no particular skills and experience, since it has shown significant accuracy and safety, and that it can be used for lumbar pedicle screw placement in children.

There are, however, limitations associated with this study that must also be taken into consideration. First, since the number of samples were small, the reliability of the data under certain conditions could be questioned. Second, reconstructed lumbar spine model was relatively rough. In this study, preliminary reconstruction was performed by beginners using software, and the 3D digital model reconstructed was rough, which had some influence on the design and production of the navigation templates. Precise design of the navigation template is a key step in successful screw placement and needs to be completed by orthopedic surgeons familiar with the software and with prior experience to ensure accuracy of the screw channel. Third, the material used in the template was relatively soft. Selection of the template material is important because if the material is too soft, angle offset may occur during surgery. In children, the neck and thoracic lumbar pedicle is smaller than that of the lumbar pedicle, and the optimal range of the screw placement angle is smaller, which can easily lead to missed screws; hence, appropriate navigation material is crucial. Fourth, navigation templates may poorly combine with the lamina and spinous process. Use of navigation templates requires soft tissue at the base of the lumbar spine lamina and stripping of the root of the spinous process while avoiding damage to the anatomical structure of the rear of lumbar spine to ensure that the template is tightly attached to the corresponding rear of the lamina and spinous process. Finally, angle offset may occur when the drill is rotated during surgery. When preparing to place screws using the navigation templates, a burr or drill is more appropriate, and shaking during drilling should be minimized to ensure that the passage is completely aligned with the direction of the positioning guide hole. Nevertheless, the use of computer software and the reduced cost of 3D printers can solve these problems.

The diameter, length, anchor point, and direction of the screw are crucial indicators of the success of pedicle screw fixation. The anatomical parameters of the pedicle vary, and there is significant diversity among different ages and segments. To improve the accuracy of pedicle screw placement, the concept of personalization has developed, namely screws are designed for each individual and the different segments, with different anchor points, directions, diameters, and lengths. Although the misplacement rate in clinical applications has consequently reduced, there are still some limitations. In recent years, the use of X-ray machines, with a "C"-shaped arm to guide the screw achieved a successful placement rate of 89.3%.[@ref16] The quality of the image, however, affected the accuracy of screw placement, and this technique increased the risk of radiation exposure to both doctors and patients. On the other hand, CT navigation achieved good therapeutic outcomes;[@ref17][@ref18][@ref19] however, imaging data are collected before the surgery, the technique is error prone and thus the placement rate could be affected, the time required for doctors to learn is long, it does not allow real-time monitoring, and the operative time is increased. Although, 3D navigation technology has good prospects and is likely to replace other navigation techniques gradually.[@ref20][@ref21] System failure during surgery could lead to considerable damage. Since most studies focus on adults, with fewer reports on children, a method for pedicle screw fixation, which is simple, has a high accuracy rate, is easy to use in clinical settings, and feasible in children, is important.

Conclusion {#sec1-5}
==========

Based on the actual morphology of different segments of the lumbar spine in children, navigation templates were designed using the principles of reverse engineering and rapid prototyping technology.
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